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Abstract—With the increasing penetration of wind 
power, reliable and cost-effective wind energy 
production is of more and more importance. The 
doubly-fed induction generator based turbine system is 
widely used and dominates the wind market. In this 
paper, an analytical approach to assess reliability for 
power capacitors, both the DC-link capacitor bank and 
AC-side filter capacitor bank, is presented considering 
the annual mission profile. Based on the electrical 
behavior at various loading conditions, the lifecycle of 
the single power capacitor can be predicted through its 
electro-thermal stresses. This percentile lifetime can be 
translated to the Weibull lifetime distribution of the 
power capacitor by considering the parameter 
uncertainties and tolerance variations. Thereafter, a 
reliability block diagram is used to bridge the reliability 
curves from the component-level of the individual 
capacitor to the system-level of the capacitor bank. A 
case study of a 2 MW wind turbine shows that the 
lifecycle is significantly reduced from the individual 
capacitor to the capacitor bank, where the DC-link 
capacitor bank dominates the lifetime consumption. 
Furthermore, the electrical stresses of the power 
capacitors are experimentally verified at a down-scaled 
7.5 kW prototype. 
Index Terms—Doubly-fed induction generator, 
Reliability evaluation, Aluminum electrolytic capacitor, 
Metalized polypropylene film capacitor. 
I. INTRODUCTION 
With the increasing penetration of wind power during 
recent decades, reliable and cost-effective wind energy 
production is of more and more importance [1] - [3]. In order 
to reduce the cost of the wind power generation, the power 
rating of the individual wind turbine is today up-scaled to 8 
MW and even above is being prototyped. However, the 
feedback of the wind turbine market indicates that the best-
seller is still the turbines rated around 2-3 MW, in which the 
Doubly-Fed Induction Generator (DFIG) is normally 
employed together with partial-scale power electronic 
converter [4]. Another tendency of the wind power 
development is the popularity of offshore wind farms, which 
pushes the wind turbine system to operate with very reliable 
performance due to the high offshore maintenance cost. 
Reliability and robustness of the system are closely related to 
its mission profile - the representation of all relevant 
conditions that the system will be exposed to in all of its 
intended application throughout its entire lifecycle [5]. The 
failure may happen during the overlap of the strength and 
stress distribution, in which the stressor factors may appear 
due to the environmental loads (like thermal, mechanical, 
humidity, etc.), or the functional loads (such as user profiles, 
electrical operation) [6], [7].  
The performance of the power capacitor is complicated 
and highly affected by its operation conditions such as the 
voltage, current, frequency, and temperature. In the 
application of wind power generation, various types of 
capacitors are selected in the power conversion stage. The 
aluminum electrolytic capacitors (Al-CAP) are normally 
used in the DC-side due to its lower cost and higher power 
density, while the metalized polypropylene film capacitors 
(MPF-CAP) are generally applied in the AC-side grid filter 
because of its higher withstand voltage and longer lifetime. 
Plenty of literature has studied the electrical stresses of the 
Al-CAP used in the DC-link with various modulation 
techniques, converter topologies, and power grid conditions 
[8]- [13]. On one hand, simulation software is applied to 
evaluate the harmonic spectrum of the DC-link without any 
theoretical calculations of the capacitor current [9]. The other 
alternative is to calculate the PWM harmonics of the 
capacitor by using the time-consuming and complicated 
double Fourier analysis [10], [11], [13], where the high-order 
harmonics from a single grid-connected converter is 
investigated that neglects the impact from the generator-side 
converter. In addition, the electrical stresses of the DC-link 
capacitor are the key focuses in these studies, which ignore 
another important industry concern – the thermal stress and 
lifetime calculation of the DC-link capacitor. In respect to 
the AC-side MPF-CAP, lots of studies focus on the design 
procedure of the LCL filter and its control methods for the 
power quality and system stability improvement [14], [15], 
while few research efforts have been devoted to evaluating 
the electrical behavior and lifecycle prediction of the film 
capacitor.  
Capacitor manufacturers normally provide lifetime model 
for their products, which is tightly related with the ambient 
 
temperature, ripple current, applied voltage and core 
temperature [16] - [19]. However, these reliability data are 
measured at some severe and extreme conditions, and the 
real mission profile and operation conditions of the power 
capacitors cannot be well reflected by using this model [20] - 
[22]. In addition, manufacturers present only part of the 
reliability data, the corresponding lifetime calculation is 
actually the B10 or B1 lifetime, which means 10% or 1% of 
the whole samples fail if the operation hours reach the 
aforementioned lifecycle. In the filed application, as several 
capacitors are linked in series or in parallel, this component-
level Bx lifetime of the single capacitor cannot directly be 
translated to the system-level Bx lifetime of the capacitor 
bank.  
In this paper, an analytical approach to evaluate the 
electrical stresses for both the AC-side capacitor and the DC-
side capacitor will be presented. Hence, their lifetime can be 
predicted by considering the long-term mission profile that 
integrates the power loss and thermal modeling. In order to 
fill in the research gap between the single capacitor and 
capacitor bank reliability, the Weibull function based 
lifetime distribution of the power capacitors can be obtained 
by taking the parameter variations and tolerance 
uncertainties into account. Furthermore, the reliability block 
diagram can be applied to bridge from the component-level 
to the system-level reliability distribution.  
The remaining of this paper is organized as follows. 
Section II describes the basic design of DC-side and AC-side 
capacitors. Section III presents the analysis of the capacitor 
current by using both simulations and experimental 
validations. On the basis of the loss and thermal modeling of 
the power capacitor, the mission profile based lifetime 
estimation of the individual capacitor is addressed in Section 
IV. Section V investigates and compares the time-to-failure 
from a single capacitor to the capacitor bank by using the 
reliability block diagram. The concluding remarks are drawn 
in the last section. 
 
Fig. 1. DC and AC capacitor banks located in a doubly-fed induction generator (DFIG) based wind turbine system. 
II. DESIGN OF DC-SIDE AND AC-SIDE CAPACITORS 
The selection of the DC-link capacitor Cdc is based on the 
balance of the energy exchange during the transient period 
[23], 
max
max2
r
dc
dc
T P
C
U U



     (1) 
where ΔPmax denotes the maximum variation of the output 
power, Tr denotes the control response time, which typically 
is a few modulation periods, Udc denotes the DC-link 
voltage, and ΔUmax denotes the maximum voltage variation.  
The parameters of the 2 MW DFIG system are listed in 
Table I. In order to achieve a high ride-through capability 
during a power voltage sag, the capacitance of 20 mF is 
selected. Due to the limitation of the rated voltage, 72 pieces 
of 4700 µF/400V are chosen – 4 in series and 18 in parallel 
[19]. 
The design procedure of the LCL filter is well presented 
in [24], and the capacitance of 300 µF is designed according 
to 10% of absorbed reactive power at the rated condition. As 
the delta connection is normally applied in practice, the 
  
Table I 
PARAMETERS OF 2 MW AND 7.5 KW DFIG SYSTEMS 
Rated power 2 MW 7.5 kW 
Operational range of rotor 
speed 
1050-1800 rpm 1200-1800 rpm 
Rated amplitude of phase 
voltage 
563 V 311 V 
Mutual inductance 2.91 mH 79.30 mH 
Stator leakage inductance 0.04 mH 3.44 mH 
Rotor leakage inductance 0.06 mH 5.16 mH 
Ratio of stator winding and 
rotor winding 
0.369 0.336 
DC-link voltage 1050 V 650 V 
DC-link capacitor 20 mF 600 μF 
Grid-side inductor 125 µH 11 mH 
Converter-side inductor 125 µH 7 mH 
AC-side filter capacitor 300 µF 6.6 µF 
Switching frequency 2 kHz 5 kHz 
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equivalent 100 µF is applied, which in practice is realized by 
10 pieces of 10 µF/780V from a leading capacitor 
manufacturer [25]. 
III. ANALYSIS OF CAPACITOR ELECTRICAL STRESSES 
Based on the parameters of the DC-side and AC-side 
capacitors, different approaches can be applied to analyze 
their electrical stresses. Then, the theoretical calculation of 
the capacitor current can be compared with the simulation 
under typical loading conditions. The harmonic spectrum of 
the capacitor current can further be verified by a down-
scaled DFIG setup. 
A. AC-side capacitor current 
In order to evaluate the current flowing through the AC-
side filter capacitor, it starts with the output voltage analysis 
of the grid-side converter. According to the impedance 
characteristics of the LCL filter, both the converter-side 
current and the grid-side current can thereby be calculated.  
 
Fig. 2. Illustration of space vector modulation. (a) Six sectors. (b) Switching states existing in Sector I. (c) Phase voltage of converter 
output in Sector I. (d) Phase voltage of the converter output within a fundamental period. 
For the three-phase system, the Space Vector Modulation 
(SVM) is preferred compared to the Sinusoidal Pulse Width 
Modulation (SPWM) due to its higher DC-link voltage 
utilization. The duty cycle of the two adjacent non-zero 
vectors (d1, d2) and the zero vectors (d0) can be obtained at 
different sectors, 
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where k denotes the section number; M denotes the 
modulation index (0≤M≤1.15), which equals the inverter 
output peak voltage over a half of the DC-link voltage Vdc; φu 
denotes the phase angle of the inverter output voltage, and 
subscript X represents the grid-side converter. 
As shown in Fig. 2(a), six sectors (Sector I to VI) can be 
divided in accordance with the phase angle of the output 
voltage φu. In the case of Sector I, the voltage vector Vo is 
generally composed of two adjacent active vectors V1 (100) 
and V2 (110) (with duration periods of T1 and T2 within the 
switching period Ts), as well as two zero vectors V0 (000) 
and V7 (111) (with duration period of T0 within the switching 
period Ts). Both the active and zero vectors are 
symmetrically arranged in order to achieve the minimum 
harmonics of the output voltage [26]. The possible switching 
patters of the power devices are described in Fig. 2(b) in 
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details, where active vectors V1 and V2, as well as zero 
vectors V0 and V7 are applied. Due to the symmetrical 
loading of the three-phase system, the phase voltage of the 
inverter output Vao is illustrated in Fig. 2(c). Depending on 
various switching states of the power devices, it can be seen 
that the output voltage includes the levels of 2Vdc/3, Vdc/3, 
and 0. By using the similar approach, the voltage waveform 
of the inverter output can be expected in the cases of other 
five sectors, which contains three voltage levels within the 
same sector as described in Fig. 2(d).  
 
Fig. 3. Voltage and current FFT analysis of the grid-side converter. (a) Super-synchronous mode at the wind speed of 12 m/s. (b) 
Synchronous mode at the wind speed of 8.4 m/s. (c) Sub-synchronous mode at the wind speed of 5.9 m/s. It is noted that ugsc and ugsc1 
denote the converter voltage and its fundamental component; igsc and igsc1 denote the converter-side current and its fundamental component; 
ig and ig1 denote the grid-side current and its fundamental component, all of which are consistent with Fig. 1. 
 
Fig. 4. Analysis of the fundamental, harmonic and RMS components. (a) Converter voltage. (b) Converter-side current. (c) Grid-side 
current. 
In order to obtain the fundamental and harmonic 
components of the converter output voltage, the Fourier 
analysis is necessary to be employed. On the basis of the 
impedance characteristics of the LCL filter, the electrical 
stresses of the filter capacitor can be calculated. For a pulse 
voltage, its Fourier coefficient can be calculated by its 
starting and ending time instants together with its voltage 
amplitude [26]. Since 7 pulse voltages exist within a 
switching period as shown in Fig. 2(c), the Fourier 
coefficient can be summed up together with the duty cycle as 
calculated in (2) and its corresponding voltage amplitude. 
With the voltage amplitude distribution in various sectors as 
shown in Fig. 2(d), the Fourier coefficient can be further 
accumulated from a single switching period to the whole 
fundamental period. Thereafter, the fundamental and 
harmonic components of the converter output voltage can be 
deduced. 
As described in [7], the modulation index and the phase 
angle of the converter voltage can be deduced based on the 
grid-side converter modeling represented in the dq-reference 
frame. The FFT analysis of the converter voltage is shown in 
Fig. 3, where the wind speeds of 12 m/s, 8.4 m/s, and 5.9 m/s 
represent the super-synchronous, synchronous, and sub-
synchronous operation of the DFIG. It can be observed that, 
regardless of the operation modes, the fundamental voltage is 
always 564 V, which is similar to the grid voltage due to the 
negligible voltage drop across the LCL filter. However, the 
fundamental component of the converter-side current 
changes considerably at various wind speeds, which 
becomes the lowest at the synchronous mode due to little 
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active power flowing through the back-to-back power 
converter. As the LCL filter generally behaves as the low-
pass filter, the fundamental component of the grid-side 
current is exactly the same as the converter-side current. In 
respect to harmonic components, the voltage harmonic is 
mainly dominated by harmonic orders around the switching 
frequency of 2 kHz. As the converter-side current can be 
achieved with the impedance of the LCL filter, it is noted 
that the dominant harmonics are the same with the voltage 
harmonics. Due to the resonance frequency of the LCL filter 
at 1162 Hz, the 23rd current harmonic is significantly 
amplified. Furthermore, since the impedance of the filter 
capacitor is much less than the grid-side inductor, the 
switching harmonics are considerably reduced for the grid-
side current. 
 
Fig. 5. Simulation results of grid-side converter at the wind speed of 12 m/s in time and frequency domain. (a) Converter output voltage. 
(b) Converter-side current. (c) Grid-side current. (d) AC-side capacitor current. 
 
Fig. 6. Harmonic comparison between the calculation (Cal) and simulation (Sim) of AC-side capacitor current. (a) Converter-side current. 
(b) Grid-side current. (c) Capacitor current. 
It is well known that the RMS of the voltage or current is 
defined as the square root of the mean square, which consists 
of both the fundamental component and harmonic 
components. In addition, as the output power of the wind 
turbine obeys an MPPT algorithm [7], [27], the relationship 
between the grid-side converter voltage and the wind speed 
can be established. Based on the FFT analysis of the 
converter voltage and current, their fundamental, harmonics 
and RMS values can be calculated and are as shown in Fig. 4  
from the cut-in wind speed (4 m/s) until the rated wind speed 
(12 m/s). As the fundamental component of the converter 
voltage is dominant by the grid voltage, it always maintains 
the same regardless of the wind speeds. However, the 
fundamental components of both the converter-side current 
and the grid-side converter are tightly related to the produced 
power flowing through the grid-side converter, they fluctuate 
with the wind speed due to the various output power and slip 
values of the induction generator. In addition, it is noted that 
the fundamental components of the converter-side current 
and the grid-side current are almost the same. As the 
modulation index of the grid-side converter varies a little at 
different wind speeds, the harmonic component of the 
converter voltage stays the same, which results in the 
unchanged harmonic components of the converter-side 
current and the grid-side current. In addition, it is worthwhile 
to mention that the grid-side current has much less harmonic, 
as the majority of the switching harmonics flow through the 
filter capacitor branch. 
With the harmonic spectrum of the converter-side current 
and grid-side current, their Total Harmonic Distortion (THD) 
can be obtained. As the harmonic component of the capacitor 
current is dependent on both its amplitude and phase angle, 
the worst case THD can be roughly estimated by the sum of 
the converter-side current and the grid-side current [28]. The 
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simulation result of the grid-side converter is shown in Fig. 
5, where the harmonic spectrum of the output voltage, 
converter-side current, grid-side current, and the AC-side 
capacitor current is investigated. For the converter output 
voltage, its fundamental component and dominating 
harmonics are consistent with the theoretical calculations as 
shown in Fig. 3(a). Moreover, the fundamental of the 
converter-side current and grid-side current are almost the 
same, and the switching harmonics of the grid-side current 
are considerably reduced compared with the converter-side 
converter current. In respect to the capacitor current, it 
mainly contains the switching harmonics, while the 
fundamental current is reduced a lot. In order to have a fair 
comparison, the THD of the capacitor current is calculated 
compared to the fundamental of the grid-side current. 
At different loading conditions, the calculated and 
simulated THD are summarized and compared in Fig. 6. As 
shown in Fig. 6(a) and (b), at the wind speed of 12 m/s, the 
calculated fundamental of the converter-side current and the 
grid-side current is 1.0 pu with their THD of 34% and 8%, 
respectively. Moreover, it can be seen that the fundamental 
component of both the simulated converter-side current and 
the grid-side current is 0.97 pu, and their THD is 36% and 
10%. For the capacitor current, the calculated and the 
simulated THD are 43% and 44%, which agrees well with 
each other. At the wind speed of 5.9 m/s, it is evident that the 
fundamental component is considerably reduced due to the 
lower produced power, while the THD is significantly 
increased because of the similar harmonic component. 
Moreover, the THD can be compared with the converter-side 
current, grid-side current and capacitor current. It can be 
seen that the simulation result matches well the theoretical 
calculation. 
B. DC-side capacitor current 
Regardless of the grid-side converter and the rotor-side 
converter, the relationship between the inverter input and 
output current obeys Kirchhoff Current Law. Neglecting the 
switching ripple, the three-phase inverter current is purely 
sinusoidal and respectively delayed 2π/3. The duty cycle of 
the adjacent non-zero vectors can be calculated with the 
information of the modulation index and its corresponding 
voltage phase angle. Owing to the symmetry of the DC-side 
periodical input current, its average value Idc_X_ave can be 
calculated within a half of the switching period [28], 
_ _
3
cos
4
dc X ave X X XI I M     (3) 
where I denotes the peak value of inverter output current, M 
denotes the modulation index (0≤M≤1.15), φ denotes the 
phase displacement between the fundamentals of the inverter 
output voltage and current, and subscript X represents either 
the grid-side converter or the rotor-side converter. Assuming 
a constant power flow between the inverter AC-side and DC-
side, the average inverter input current becomes constant and 
independent of the output voltage phase angle.  
 
Fig. 7. Operation characteristics of the back-to-back power converters at various wind speeds. (a) AC-side current. (b) Displacement angle. 
(c) Modulation index. (GSC: grid-side converter; RSC: rotor-side converter) 
Similarly, the RMS of the inverter current within a 
switching period can be calculated in a half switching period. 
Owing to the symmetries of an ideal three-phase voltage 
system and the phase-symmetrical structure of the power 
converter circuit, the analysis can be limited to π/3-wide 
interval of the inverter voltage fundamental period [28], 
2
_ _
3 1
( cos )
4
dc X rms X X XI I M 

    (4) 
On the basis of (3) and (4), the average and RMS values 
of the DC-side current for both the grid-side converter and 
the rotor-side converter can be obtained. As a consequence, 
their harmonic of DC-side current can be deduced as, 
2
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Fig. 8. Analysis of the average, harmonic and RMS values. (a) DC-
side current from the grid-side converter (GSC). (b) DC-side 
current from the rotor-side converter (RSC).  
In respect to the DC-link current, it is only related to the 
harmonic values of the back-to-back power converters due to 
their same average value of the DC-side current. As a 
consequence, the worst case THD of the DC-link current can 
be roughly estimated by the sum of the harmonic 
components from the grid-side converter and the rotor-side 
converter. 
Since the DC-side current of the converter is tightly 
related to its AC-side current, displacement angle and the 
modulation index, Fig. 7 shows their values with the wind 
speed, where both the grid-side converter and the rotor-side 
converter are taken into account. For the grid-side converter, 
it is worth noting that the displacement angle changes from 
0º to 180º from the sub-synchronous mode to the super-
synchronous mode, which indicates the opposite direction of 
the active power. For the rotor-side converter, the 
modulation index changes with different wind speeds, and it 
becomes the lowest at the synchronous mode because of the 
zero rotor voltage. 
According to (3)-(5), the average, RMS and the harmonic 
components of the DC-side current can thereby be 
calculated. As shown in Fig. 8, it can be seen that the back-
to-back power converters include the same average DC-side 
current. However, the harmonic component of the grid-side 
converter is much lower, as its displacement angle of in-
phase or out-of-phase keeps the RMS value to a minimum. 
In order to verify the previous analysis, the simulation is 
carried out at the wind speed of 12 m/s, and the DC-side 
current from the grid-side converter, the rotor-side converter, 
and the DC-link current are shown in Fig. 9. Meanwhile, 
their average values and THD are listed and compared with 
the theoretical calculations, as shown in Fig. 10. The 
calculated THD of the DC-side current from the grid-side 
converter and the rotor-side converter is 38% and 105%, 
while their simulated THD is 40% and 134%.  It can be seen 
that the calculated THD is a bit lower due to the assumption 
of a pure sinusoidal AC-side current. Moreover, the THD of 
the DC-link current between the calculation and the 
simulation can be compared. By using the same approach, 
the comparison is made at the wind speed of 5.9 m/s as well. 
It can be seen that the calculated THD of the DC-link current 
matches well the simulation. 
 
Fig. 9. Simulation result of DC-side current at wind speed of 12 m/s. (a) DC-side current from the grid-side converter. (b) DC-side current 
from the rotor-side converter. (c) Current of DC-link capacitor. 
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Fig. 10. Harmonic comparison between the calculation (Cal) and simulation (Sim) of DC-link current. (a) DC-side current from the grid-
side converter (GSC). (b) DC-side current from the rotor-side converter (RSC). (c) Current of DC-link capacitor.  
C. Capacitor current measurement in a down-scaled DFIG 
setup 
In order to verify the electrical stresses of the power 
capacitors used in the AC-side and DC-side, some 
experiments are carried out on a down-scaled 7.5 kW DFIG 
system, whose parameters are listed in Table I. As shown in 
Fig. 11, the DFIG is dragged by a squirrel-cage motor, the 
back-to-back power converters are established by using two 
Danfoss 5.5 kW motor drives. Since each motor drive has its 
own DC-link capacitor, it can be seen that there are two 
capacitors Cdc1 and Cdc2 referring to the capacitor from the 
grid-side converter and the rotor-side converter, respectively. 
The control scheme of both power converters is realized by 
dSPACE 1006. It is worth noting that the switching 
frequencies are set to 5 kHz, and the DC-link voltage is 
regulated to be 650 V. 
 
Fig. 11. A 7.5 kW down-scaled DFIG test setup. (a) System configuration. (b) Photo of experimental test rig. 
In order to investigate the different loading conditions 
impacts on the electrical stresses of the power capacitor, the 
rotor speeds of 1200 rpm, 1500 rpm, and 1800 rpm are used 
to emulate the sub-synchronous, synchronous, and super-
synchronous modes of the induction generator. In the case of 
sub-synchronous mode, where the rotor speed of the DFIG is 
maintained at 1200 rpm, it is assumed that 1.5 kW (0.2 pu) 
active power is provided from the stator-side of the DFIG. 
The voltage and current of the grid-side converter are 
measured to observe the operation conditions of the DFIG, 
while the current flowing through the AC-side and DC-side 
capacitor is monitored in order to evaluate their electrical 
stresses. It is noted that the current between the back-to-back 
power converters is used to indirectly reflect the current of 
the DC-link capacitor due to the compact DC-link bus bar. 
As shown in Fig. 12(a), it is evident that the grid-side 
converter absorbs the active power from the grid due to the 
positive slip of 0.2. In respect to the AC-side capacitor 
current, due to the switching frequency of 5 kHz, the 
dominating harmonics are around 5 kHz and 10 kHz, which 
agrees well with the theoretical expectation. In addition, the 
current of the DC-link is shown in Fig. 12(b), and it can be 
seen that the dominating harmonics appear at multiple of the 
switching frequency. 
In the case of the synchronous mode with 0.3 pu active 
power, the grid-side current is almost the same with the AC-
side capacitor current due to no active power flowing 
through the grid-side converter. At the super-synchronous 
mode with 0.4 pu active power, as the grid-side converter 
feeds the active power to the grid because of the negative 
slip, the grid-side current is in the opposite phase with 
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respect to the power grid, and the dc-side current also 
become negative. Nevertheless, the dominating harmonics of 
the AC-side and DC-side capacitors appear at multiple of the 
switching frequency, which hardly changes regardless of the 
operation modes.  
 
Fig. 12. Measured current waveforms of power capacitor at various loading conditions. (a) AC-side capacitor current. (b) DC-side 
capacitor current. 
IV. LIFETIME ESTIMATION OF INDIVIDUAL CAPACITOR 
In this section, based on the harmonic component of the 
DC-side and AC-side capacitors, their power losses and 
thermal behavior can be investigated at typical operation 
points. Then, the mission profile based thermal stress can be 
evaluated, which serves to predict the operational lifecycle of 
the capacitors. 
A. Capacitor lifetime model 
In many applications, the lifetime of electronic devices is 
directly linked to the lifetime of the capacitors inside. In 
respect to the Al-CAPs used in the DC-link, the main failure 
mechanism refers to the electrolyte loss that leads to a drift 
of the electrical parameters. Generally, there are three 
dominating factors that determine its lifecycle. Specifically, 
the ambient temperature and ripple current cause the 
electrolyte diffusion through the capacitor seal, while the 
applied voltage induces the electrochemical reaction at the 
dielectric layer [16]. As a consequence, the lifetime model 
for the Al-CAP can be expressed as, 
2
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where Lx denotes the hours to failure used in the real 
application, while Lr denotes the hours to the failure of the 
rated voltage Vr, nominal ripple current Ir and upper 
categorized temperature Tr. The first, second and third 
components denote the impact from the ambient temperature 
Ta, applied ripple current Ix and used voltage Vx. The impact 
from the ambient temperature obeys the Arrhenius Law, and 
a minimum of the 40 ºC ambient temperature range is used 
in order to exactly follow (6) [17]. The amount of ripple 
current actually affects the core temperature of the capacitor, 
where ΔTo denotes the core temperature increase at rated 
ripple current, and n1 denotes the acceleration coefficient of 
temperature rise due to the ripple. Since the core temperature 
is not easy to be accessed and the thermal resistance is 
changed with the core temperature, the ripple current can 
normally be regarded as an indirect core temperature 
indicator. Moreover, as the ESR is not fixed at different 
current harmonic frequencies, the harmonic order of the 
current needs to be extracted by using the FFT analysis, and 
each harmonic current causing the same power dissipation 
needs to be calculated at 100 Hz, which is normally 
considered in the datasheets. Another factor lies in the 
applied voltage, and the exponent coefficient n2 differs with 
manufacturers. The detailed parameters of the lifetime model 
for the used Al-CAP are listed in Table II. 
Due to the less demanded capacitance, the higher 
withstand voltage, and the non-polarity, the film capacitor is 
normally selected to mitigate the PWM harmonics between 
the power converter and the grid. As the polypropylene loss 
becomes the main failure mechanism, it is evident that the 
rated lifetime of MPF-CAP (100,000 hours @ 75ºC) is much 
higher than that of the Al-CAP (6,000 hours @ 105ºC). 
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However, the MPF-CAP is more sensitive to the applied 
voltage, and the lifetime decreases rapidly with an increasing 
applied voltage. The relationship between the operational 
hours and the capacitor core temperature as well as the 
applied voltage can be expressed as, 
Table II 
CAPACITORS LIFETIME MODEL PARAMETERS AND THEIR LIMITATION 
 Value Comment Value Comment 
 Al-CAP MPF-CAP 
Rated lifetime Lr (hour) 6,000  100,000  
Upper categorized temperature 
Tr (ºC) 
105  75  
Rated ripple current Ir (A)  13.4 
Measured at 100 Hz; 
maximum 3 pu 
30 Measured at 10 kHz 
Rated voltage Vr (V) 400  780  
Core temperature rise at rated 
ripple current ΔTo (ºC) 
5/10 
10 for 105 ºC capacitor;  
5 for 85 ºC capacitor 
/  
Coefficient of temperature rise 
n1 
5-10 
Vary with ambient 
temperature [18] 
/  
Voltage exponent coefficient 
n2 
3/5 
n2=3, if 0.5≤Vr/Vx<0.8; 
n2=5, if 0.8≤Vr/Vx<1.0 
0.7/15/∞ 
n2=0.7, if 0.6≤Vr/Vx<1; 
n2=15, if 1≤Vr/Vx<1.25； 
n2=∞, if 1.25≤Vr/Vx<1.3 
ESR (mΩ) /  3.0 Measured at 10 kHz 
Dissipation factor tanδ /  2e-4  
Thermal resistance from core 
to ambient (ºC/W) 
/  14.1  
 
 
Fig. 13. Hour to failure with respect to various operating 
temperatures and applied voltage. (a) Aluminum electrolytic 
capacitor [19]. (b) Metalized polypropylene film capacitor.  
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where Tc denotes the core temperature of the film capacitor. 
It is jointly determined by the ambient temperature, the loss 
dissipation of the capacitor, and the thermal resistance from 
the core to the case and the case to the ambient. The detailed 
parameters for the lifetime model are listed in Table II, 
which can graphically be described as shown in Fig. 13. 
B. Mission profile based lifetime estimation 
According to the mission profile of the wind turbine 
system (e.g. wind speed and ambient temperature), the 
general procedure to calculate the lifetime of the Al-CAP 
and MPF-CAP is shown in Fig. 14. On the basis of the wind 
speed, the produced power can be predicted by the MPPT 
curve, and the current and voltage stresses of each capacitor 
can be evaluated with the generator and converter models. In 
respect to the Al-CAP, the ripple current can be calculated 
with the PWM pattern of power switches in the back-to-back 
power converters. It is worth mentioning that, considering 
the ESR curve with the various frequencies, the dominating 
switching harmonics need to be converted to 100 Hz, which 
is normally specified in the DC-link capacitor datasheet. 
Together with the ambient temperature profile, the life 
expectancy of the Al-CAP can be predicted. 
As the lifetime model of the MPF-CAP is tightly related 
to its core temperature and the applied voltage, the procedure 
slightly differs with the Al-CAP. Considering both the 
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dielectric loss and the Joule loss dissipation, the core 
temperature of the capacitor can be jointly decided by the 
core-ambient thermal resistance and the ambient temperature 
profile. With the applied voltage calculated by the PWM 
pattern of the power switch and the characteristics of the 
LCL filter, the lifetime of the MPF-CAP can be estimated. 
 
Fig. 14. Flow-chart to calculate B10 lifetime from mission profile (ambient temperature and wind speed). 
 
Fig. 15. Annual profile comparison between the metalized polypropylene film capacitor (MPF-CAP) and the aluminum electrolytic 
capacitor (Al-CAP). (a) Ambient temperature and wind speed. (b) Ripple current. (c) Accumulated damage. 
With the annual wind speed (Class I) and ambient 
temperature with a sample rate of 1 hour as shown in Fig. 
15(a), the ripple current of the Al-CAP and MPF-CAP is 
shown in Fig. 15(b). As the sample time interval is much 
higher than the capacitor thermal time constant (typically 
several minutes), it can roughly be assumed that the core 
temperature of the capacitor reaches steady-state and stays 
constant within every sample period. The lifetime damage 
can thereby be calculated by using the sample period over its 
corresponding hours to failure calculated in (6) and (7), 
which is accumulated from a sample period to the whole 
operational year. As a result, the annual damage of the both 
types of the capacitors can be deduced and shown in Fig. 
15(c), where the lifecycle of the capacitor runs out when the 
accumulated damage reaches 1. It is worthwhile to mention 
that the hours to failure is defined as the B10 lifetime – only 
10% of the samples fails when the operational hours reach 
this condition. It can be seen that the ripple current of the 
MPF-CAP is much smoother, as the current harmonic hardly 
changes with different wind speeds. Moreover, the annual 
damage of the MPF-CAP is lower due to the fact that it 
contains much longer rated lifetime (100,000 hour) 
compared to the Al-CAP (6,000 hour). 
V. TIME-TO-FAILURE OF CAPACITOR BANKS 
On the basis of the tested failure data, the B10 lifetime of 
the individual capacitor can be converted into its unreliability 
curve along with operation hours. Then, the reliability of the 
capacitor bank can be evaluated with the help of the 
reliability block diagram.  
In order to implement the accelerated degradation testing 
of the capacitor, the testing system is composed of a climatic 
chamber, a ripple current tester, and an LCR meter. Then, a 
degradation test are performed with a series of 9 capacitors 
(680 µF/63 V) at the rated voltage, rated ripple current, and 
upper operational temperature, where the normalized 
capacitance are regularly measured during 4,000 testing 
hours. As shown in Fig. 16(a), the degradation data is 
analyzed by using the software tool Reliasoft Weibull++. As 
the reduction rate of the capacitance increases significantly 
after 80% of its initial values, 20% of capacitance drop is 
considered as the end-of-life criteria, and the time-to-failure 
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of each capacitor can be estimated. Presented by the Weibull 
distribution, the unreliability function is fitted in Fig. 16(b) 
with the shape factor β of 5.13 and the scaling factor η of 
6,809. It is worthwhile to mention that although the 
reliability data obtained from the test condition is different 
with field operation conditions, the electrical-thermal 
stresses of the capacitor can be regarded equivalent to cause 
the thermal-related aging and wear-out issues. Specifically, it 
is believed that the high-order harmonics introduced by the 
PWM switching can produce the same power losses and 
thermal stresses as the low-order harmonic in the case that 
the relationship between the ESR and the frequency is well 
established. 
 
Fig. 16. Degradation results for 9 capacitors (Cap 1 – Cap 9) at the 
rated voltage, rated ripple current and upper operational 
temperature. (a) Normalized capacitance. (b) Unreliability of 
capacitors along with operation time by using Weibull distribution.  
In order to fulfill the high enough capacitance or 
withstand the voltage stress, plenty of the capacitors are 
connected in series or parallel in order to form the capacitor 
bank. The detailed structure of the DC-side and AC-side 
capacitor bank is shown in Fig. 17(a) and (b), respectively. 
Since any failure of the individual capacitor may result in the 
degraded performance of the capacitor bank, all of the 
capacitors are connected in series in the reliability block 
diagram as shown in Fig. 17(c).  
 
Fig. 17. Configuration of the capacitor banks and equivalent 
reliability block diagram. (a) DC-side capacitor bank. (b) AC-side 
capacitor bank. (c) Reliability logics of the whole capacitor bank.    
Based on the annual damage of both the MPF-CAP and 
the Al-CAP shown in Fig. 15(c), their B10 lifetime can be 
calculated as 108 and 65 years, respectively. In order to 
assess the reliability performance for the capacitor bank, the 
B10 lifetime of the individual capacitor is insufficient, and its 
time-to-failure distribution, which considers the parameter 
variations and tolerance uncertainties of the capacitor 
samples, is required in order to apply the reliability block 
calculation. Since the Weibull shape parameter is identical in 
the case of the same failure mode [20], the tested value from 
Fig. 16(b) can again be used, and the whole unreliability 
curve along with the operational hour can be obtained as 
shown in Fig. 18(a) and (b). Moreover, the unreliability 
curve of the capacitor bank can be deduced from the 
individual capacitor with the reliability logics as shown in 
Fig. 17(c). Seen from the 15-year designed lifetime of the 
capacitor bank, the damage of the individual MPF-CAP 
becomes 0.0005%, while the MPF-CAP bank damage 
significantly increases to 0.015%. It is evident that the 
reliability issue becomes more critical from the single 
capacitor to the whole capacitor bank, especially when a 
large amount of the capacitors are applied to form the bank. 
Similarly, within the 15-year designed lifetime, the damage 
of the single Al-CAP and the Al-CAP bank reaches 0.0056% 
and 0.4%, respectively. By using the same approach, the 
unreliability curve of the whole capacitor bank, which 
consists of the Al-CAP bank and the MPF-CAP bank, can be 
calculated as shown in Fig. 18(c). It can be seen that the Al-
CAP bank dominates the capacitor bank lifetime. 
Furthermore, it is noted that the B1 lifetime of the capacitor 
bank lasts 18 years, which fulfills the 30-year designed 
lifecycle of the wind power converter. 
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Fig. 18. Unreliability curve from the single capacitor to the capacitor bank. (a) DC-side capacitor bank. (b) AC-side capacitor bank. (c) The 
whole capacitor bank.  
VI. CONCLUSION 
Aiming at the doubly-fed induction generator based wind 
power converter, an analytical approach to evaluate the 
reliability of the power capacitor banks is described in this 
paper. It starts with the electrical stresses calculation of the 
AC-side filter capacitor and DC-link capacitor at various 
loading conditions. The percentile lifetime of the single 
capacitor can be predicted according to the annual electro-
thermal profile, which can further be translated into the 
Weibull function based time-to-failure distribution of the 
power capacitor by considering the parameter variations.  
With the electrical stresses of the power capacitor 
experimentally verified in the down-scaled 7.5 kW 
prototype, the reliability curves of the DC-link capacitor 
bank and the AC-side filter capacitor bank are presented and 
compared in a 2 MW wind turbine system. It can be seen that 
the lifecycle is dominated by the DC-link capacitor bank due 
to its lower rated lifetime of the aluminum electrolytic 
capacitor. It is suggested that the film capacitor may get 
more involved in the future DC-link solution, due to its 
reduced cost, improved power density, and longer life 
expectancy. 
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